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Abstract
The vast majority of chloroplast proteins are synthesized in precursor form on cytosolic ribosomes. Chloroplast precursor proteins have
cleavable, N-terminal targeting signals called transit peptides. Transit peptides direct precursor proteins to the chloroplast in an organelle-
specific way. They can be phosphorylated by a cytosolic protein kinase, and this leads to the formation of a cytosolic guidance complex. The
guidance complex—comprising precursor, hsp70 and 14–3–3 proteins, as well as several unidentified components—docks at the outer
envelope membrane. Translocation of precursor proteins across the envelope is achieved by the joint action of molecular machines called Toc
(translocon at the outer envelope membrane of chloroplasts) and Tic (translocon at the inner envelope membrane of chloroplasts),
respectively. The action of the Toc/Tic apparatus requires the hydrolysis of ATP and GTP at different levels, indicating energetic requirements
and regulatory properties of the import process. The main subunits of the Toc and Tic complexes have been identified and characterized in
vivo, in organello and in vitro. Phylogenetic evidence suggests that several translocon subunits are of cyanobacterial origin, indicating that
today’s import machinery was built around a prokaryotic core. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Chloroplasts are plant-specific organelles and can be
found in all green tissues of plants. They belong to a family
of organelles, called plastids, that is represented in almost
every plant cell. Different plastid types fulfil a variety of
different organ- and development-specific roles. Oxygenic
photosynthesis is the most prominent function of chloro-
plasts. Photosynthesis first evolved in bacteria, and it is now
widely accepted that chloroplasts originated from an endo-
symbiotic event in which a photosynthetic bacterium—most
likely an ancestral cyanobacterium—was engulfed by a non-
photosynthetic, eukaryotic cell [1]. During the course of
evolution, most endosymbiont genes were moved from the
progenitor organelle to the host cell nucleus [2–4]. Elimi-
nation of transferred genes from the ‘organellar’ genome
could occur only after a system was established to enable
the uptake of transferred gene products into the progenitor
organelle. It seems likely, based on phylogenetic evidence,
that several subunits of the chloroplast protein import
machinery were derived from pre-existing cyanobacterial
proteins [5–8]. These ancestral components were comple-
mented by novel subunits, such as receptor proteins and
chaperones, which ensure specificity and directionality of
transport into chloroplasts. Organellar targeting selectivity
was introduced at two levels: first, by the addition of a
special targeting sequence to the N-terminus of each organ-
elle-destined protein; and second, by the use of surface-
exposed receptor proteins as mentioned above [9–12].
Today, post-translational protein import into chloroplasts is
a highly complex process with putative regulatory circuits
operating in the cytoplasm, in the Toc complex of the outer
envelope membrane, and in the Tic complex in the inner
envelope membrane. This review will summarize the bio-
chemical and molecular data on chloroplast protein import
that have been accrued to date, and present a working model
for the chloroplast protein import mechanism.
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2. Cytosolic factors
Protein import into chloroplasts occurs post-translation-
ally. This means that newly synthesized precursor proteins
have the opportunity to take on a folded structure in the
cytosol, which has certain unfavourable implications.
Firstly, a folded preprotein might gain its biological activity
in the wrong place, with potentially disastrous physiological
consequences for the compartmentalized eukaryotic cell.
Secondly, it seems favourable to move unfolded or partially
unfolded polypeptides across membranes, rather than stably
folded ones, although a special transport pathway for folded
proteins does exist in bacteria and chloroplast thylakoids
[121]. Initial evidence that cytosolic components might be
involved in protein import into chloroplasts came from
studies using heterologously expressed, urea-denatured
light-harvesting chlorophyll protein precursor (preLHCP)
[13]. Only in the presence of a soluble leaf extract did
preLHCP become imported into isolated pea chloroplasts.
The leaf extract was partially replaceable by hsp70 (heat
shock protein, 70 kDa), and an additional ATP-dependent,
cytosolic component was implicated but not identified.
However, the stimulatory effect of hsp70 was not seen for
the precursors of ferredoxin (preferredoxin) or the small
subunit of Rubisco (preSSU) [14,15], suggesting that the
chaperone might have been acting solely to prevent aggre-
gation of preLHCP, a highly hydrophobic membrane pro-
tein. Nevertheless, it now seems likely that cytosolic factors
act to maintain the import competence of many precursors
(not just hydrophobic precursors), and that they may even
exert some regulatory effect on protein import. It has been
shown that chloroplast targeting signals are phosphorylated
by a cytosolic protein kinase on a specific serine or
threonine residue [16], and that phosphorylation results in
the binding of the preprotein to a cytosolic guidance com-
plex consisting of hsp70 and 14–3–3 proteins, as well as
some unidentified components [17]. In the absence of the
phosphorylation site, freshly synthesized preproteins are
found in association with hsp70 only. The data suggests
that phosphorylated preproteins bind to a pre-existing guid-
ance complex, with the 14–3–3 protein recognizing the
phosphorylation site and inducing complex formation.
While the guidance complex is not essential for import in
most cases, in general, it appears to be highly stimulatory: in
vitro-complexed precursor protein imports into isolated
chloroplasts fivefold more efficiently than non-complexed,
soluble precursor protein [17].
14–3–3 proteins constitute a large family of proteins and
are widely distributed amongst eukaryotes. They perform a
variety of different regulatory functions by binding to
phosphorylated peptide domains. In yeast, a cytosolic 14–
3–3 protein complex called mitochondrial import stimulat-
ing factor (MSF) is involved in mitochondrial protein
import [18,19]. MSF seems to interact with a limited subset
of mitochondrial precursor proteins in order to promote their
import. By contrast, phosphorylation inhibits the nuclear
import of proteins such as lamin B2, simian virus 40 T-
antigen, and the yeast transcription factor, SW15 [20–23].
Whether or not these proteins bind subsequently to 14–3–3
proteins is not known, but like in chloroplasts [16], dephos-
phorylation is required in order for translocation to occur.
In chloroplasts, the precursor-guidance complex docks at
the Toc apparatus and the precursor is handed over to one or
more Toc subunits, either directly or via interactions with
outer envelope membrane lipids (Fig. 1). Release of the
precursor protein from the guidance complex might be
achieved by ATP hydrolysis [17], dephosphorylation, or
spontaneous dissociation.
3. Envelope translocation
Once a precursor protein arrives at the surface of the
chloroplast, a highly specific recognition process is initiated.
This ensures that proteins intended for other cellular com-
partments—such as the mitochondria—are not mistakenly
imported into chloroplasts [24], but is sufficiently flexible to
take account of the wide structural diversity among chlor-
oplast transit peptides [25,122]. The mechanisms underlying
chloroplast preprotein recognition at the envelope are not
fully understood, but both protein and lipid components of
the outer envelope membrane appear to be involved. The
outer envelope proteins involved, and their respective roles,
are discussed in Section 4. Envelope lipid involvement is
discussed in more detail in Bruce [122].
The precise role played by envelope lipids remains to be
established, but it is thought that the transit peptide parti-
tions into the lipid bilayer prior to engaging proteinaceous
Fig. 1. A working model for the chloroplast protein import mechanism. As chloroplast preproteins emerge from 80S ribosomes, they are bound by a cytosolic
guidance complex which docks at Toc64 (stage 0); certain preproteins may bypass this guidance step and proceed directly to the core Toc complex (stage 1).
Preproteins unload from the guidance complex and pass to a trimeric receptor complex comprising Toc159, Toc34 and Toc75, either directly or via the lipid
matrix of the outer envelope membrane. Subsequently, the import mechanism can be divided into three distinct stages, as indicated, based on energetic
requirements. At stage 1 (energy-independent binding) the preprotein interacts reversibly with the heterotrimeric Toc receptor complex. Progression to stage 2
(or formation of the early import intermediate) requires ATP at low concentrations in the intermembrane space, and GTP. At this stage, the preprotein is inserted
across the outer envelope membrane and is in contact with components of the Tic apparatus. Stage 3 (complete translocation) requires high concentrations of
ATP in the stroma. The preprotein is translocated simultaneously across both envelope membranes at a contact site, the transit peptide is cleaved by the stromal
processing peptidase (SPP) and the mature protein takes on its final conformation. Data from different laboratories suggests that there may be two distinct Tic
complexes (Tic complexes A and B). Tic complex B was arbitrarily chosen for the illustrated import reaction. A very similar diagram could be drawn to show
an import reaction involving Tic complex A. Numbers indicate the predicted molecular mass of each protein, and therefore identify the different Toc/Tic
components. OM denotes outer envelope membrane, and IM denotes inner envelope membrane.
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components of the import apparatus, and that this induces
the transit peptide to take on a characteristic secondary
structure that is necessary in order for recognition to occur
[26–28] (Fig. 1). In support of this theory, chloroplast
transit peptides and precursor proteins have been shown to
interact very specifically with artificial membranes contain-
ing chloroplast galactolipids in vitro [29–31]. Interestingly,
chloroplasts isolated from the Arabidopsis digalactosyldia-
cylglycerol-deficient mutant, dgd1, import proteins with
reduced efficiency [32]. The chloroplast outer envelope
membrane is the only cytosolically exposed, galactolipid-
containing membrane in plant cells, and it may therefore be
that these unique lipids help to distinguish chloroplasts from
other organelles and membranes within the cell.
Following recognition, preproteins are engaged by an
energy-consuming import mechanism, and translocation
through the envelope commences. Precursor proteins are
threaded through the import apparatus, or translocon, in
extended conformation from N-terminus to C-terminus
[33,34]. Hsp70 molecular chaperones in the cytosol and
associated with both envelope membranes maintain precur-
sors in an unfolded, translocation-competent state prior to
and during import [17,35–38]. Most of the energy required
for translocation comes from the hydrolysis of ATP in the
stroma [39,40]. By analogy with mitochondrial protein
import, it is proposed that stromal hsp70 and/or hsp100
homologues bind preproteins as they emerge from the
translocon and—by undergoing successive rounds of ATP
hydrolysis in a ‘molecular ratchet’ mechanism—act to pull
them across the envelope [41–44]. The roles played by
chaperones during chloroplast protein import are reviewed
in Jackson-Constan et al. [123].
By manipulating ATP availability, chloroplast protein
import can be divided into three distinct stages in vitro
(Fig. 1); these different stages are assumed to correspond to
sequential steps in the import process that occurs in vivo.
The first stage—energy-independent binding—is reversible
and does not require ATP hydrolysis [45–47]. This is the
earliest stage of import during which the precursor interacts
with protein components of the translocon apparatus, and
most likely occurs simultaneously with or immediately after
the precursor-lipid interactions mentioned above. At low
ATP concentrations ( < 100 AM), the precursor becomes
inserted across the outer envelope membrane and is in
contact with proteins of the inner membrane [40,43,47,48].
Formation of this so-called early import intermediate
requires GTP [40,49–51] and is an irreversible process
[52]. Early import intermediates are stable until ATP con-
centrations are elevated. At higher ATP concentrations
( > 100 AM), the preprotein is completely translocated across
the envelope [39,53,54], the transit peptide is removed by a
stromal processing peptidase [55,56], and the protein is
folded and assembled into functional complexes, or sorted
to the appropriate sub-organellar compartment [57,58]. The
translocon comprises protein complexes in the outer and
inner envelope membranes called Toc (translocon at the
outer envelope membrane of chloroplasts) and Tic (trans-
locon at the inner envelope membrane of chloroplasts),
respectively [59]. During import, the Toc and Tic complexes
come together at contact sites and the precursor protein
passes through both membranes simultaneously [34,54,60]
(Fig. 1). The proteins that make up these Toc and Tic
translocon complexes, and their respective roles, are de-
scribed in detail in the following sections.
4. Toc apparatus
Over the past decade, several different laboratories have
employed a variety of biochemical techniques—using iso-
lated pea chloroplasts as the model system—to identify
protein components of the chloroplast protein import appa-
ratus [35,45,48,49,61,62]. These experiments proved to be
remarkably successful, and a number of different Toc and
Tic proteins have now been identified and substantially
characterized. The four pea Toc components that have been
described to date are called Toc159, Toc34, Toc75 and
Toc64, according to their predicted molecular masses. These
proteins will be discussed individually below. More
recently, the availability of Arabidopsis genomic sequence
data, and the fact that Arabidopsis is more amenable to
molecular–genetic analysis than pea, have led to the emer-
gence of Arabidopsis as an alternative model system for
studying chloroplast protein import [63–66]. Homologues
of the various pea Toc and Tic proteins can be identified in
Arabidopsis using database search programs, and then
studied using different molecular–genetic strategies. This
approach enables the functionality of Toc and Tic proteins to
be studied in vivo. Information on the various Arabidopsis
proteins, and on any mutant studies that have been con-
ducted, will therefore be included in the relevant sections
below.
4.1. Toc159
Toc159 appears to be a major point of contact for
precursor proteins arriving at the translocon complex, and
has therefore been regarded as a chloroplast protein import
receptor [45,49,61]. Cross-linking experiments under con-
ditions favouring energy-independent binding identified
Toc159 as the translocon component most closely associ-
ated with bound precursor proteins [45–47]. Toc159 (also
referred to as Toc160) is a highly labile protein and was
originally identified as an 86 kDa proteolytic fragment
called Toc86 [48,51,67]. The complete protein has a three-
domain structure: an N-terminal acidic domain (residues 1–
598), a central GTP-binding domain (residues 599–1062),
and a C-terminal membrane anchor domain (residues 1063–
1499) [51]. The N-terminal and central domains project into
the cytosol since, in isolated chloroplasts, they are highly
sensitive to exogenously applied proteases [49,61]. The N-
terminal domain has a high proportion of acidic amino acids
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and a calculated pI of 3.6. By analogy with the acidic
mitochondrial protein import receptors, Tom22 (translocase
in the outer mitochondrial membrane, 22 kDa) and Tom20, it
seems possible that this part of the protein participates in
electrostatic interactions with positively charged transit pep-
tides [68,69]. Interestingly, chloroplasts in which Toc159 has
been proteolytically degraded to Toc86—which lacks the
acidic domain—import proteins with reduced efficiency
compared with those that retain the intact protein [67]. This
implies an important, although not essential, role for the
acidic domain of Toc159 in the import mechanism. The N-
terminal domain also contains sequence motifs resembling
those of an ATP-binding site, but the functional significance
of this observation remains to be determined [67].
Toc159 (along with another translocon component
Toc34; see below) belongs to a unique class of GTP-binding
proteins. It possesses characteristic GTP-binding site motifs
within its central domain, but, with the exception of Toc34,
is not homologous to other GTP-binding proteins outside of
these regions [49,61]. Chen et al. [51] demonstrated the
functional significance of the Toc159 GTP-binding and
acidic domains by their proteolytic removal in vitro. Treat-
ment of chloroplasts with thermolysin resulted in the deg-
radation of Toc159 to its 52 kDa membrane anchor domain,
but left other translocon components (Toc34 and Toc75, see
below) intact. Proteolysis was found to have a negative
effect on binding and early import intermediate formation,
but not translocation [51]; the translocation of bound pre-
cursors occurred with identical efficiency in treated and
untreated chloroplasts. These data are consistent with the
proposed role of Toc159 as a receptor protein, and with the
observation that GTP is required for progression to the early
import intermediate stage only and not for translocation of
precursor proteins once they have been bound by the trans-
locon [50]. Thus, Toc159 probably undergoes one or more
rounds of GTP hydrolysis after energy-independent binding
in order to transfer the preprotein to other subunits of the
Toc complex or to initiate insertion across the outer enve-
lope membrane. Additional support for the role of Toc159
as a preprotein receptor comes from the observation that
antibodies against the protein are able to interfere with
import intermediate formation in vitro [61].
Toc159 is resistant to extraction by salt and alkali, and is
therefore most likely an integral membrane protein [49,61].
However, there are no extended hydrophobic regions within
the 52 kDa protease-resistant domain, and so the organiza-
tion of the protein within this region remains unclear. These
observations—together with the fact that the membrane-
protected fragment of Toc159 is rather large—suggest that
the C-terminal domain may play roles in addition to
membrane anchorage. In support of this notion, Kouranov
and Schnell [47] demonstrated that preproteins arrested
during early import could be cross-linked to the mem-
brane-protected region of Toc159. Cross-linking to the
membrane domain was higher during the intermediate
stage—when the preprotein is inserted across the outer
envelope membrane—than during energy-independent bind-
ing, and involved sites within the mature part of the
precursor protein. These observations led to the proposal
that Toc159 is involved in preprotein conductance at the
outer envelope membrane as well as preprotein recognition.
Additional support for a more complex role of the
Toc159 protein and its membrane domain has come from
an in vivo study. Bauer et al. [65] isolated an Arabidopsis
Toc159 null mutant called plastid protein import 2 (ppi2)
using a reverse-genetic strategy and characterized its phe-
notype in detail. The mutant has a seedling-lethal, albino
phenotype, indicating that the Toc159 protein is essential for
chloroplast biogenesis. The severity of the ppi2 mutant
phenotype is surprising given the results of Chen et al.
[51] who demonstrated that the proteolytic removal of the
Toc159 cytosolic domains does not result in the abolition of
preprotein translocation in vitro. While it is possible that this
apparent discrepancy is due to inherent differences between
the in vitro and in vivo situations, this interpretation seems
unlikely since factors that perturb chloroplast protein import
in vitro tend to have a lesser effect in vivo [70,71]. An
alternative explanation is that the Toc159 membrane anchor
domain—retained in the protease-treated chloroplasts but
absent in the ppi2 mutant plants—plays an important role
during import or in the assembly of the Toc complex, even
in the absence of the cytosolic domains.
Analysis of the Arabidopsis genome sequence data in
fact led to the identification of three different Toc159
homologues [64,65]. These proteins were named atToc159,
atToc132 and atToc120 according to their predicted molec-
ular masses (the prefix refers to the organism of origin).
They share 48%, 37% and 39% amino acid sequence
identity with pea Toc159 (psToc159), respectively, and each
have the same three-domain structure as psToc159.
AtToc159 is the most abundantly expressed of the three
Arabidopsis proteins and is therefore considered to be the
true orthologue of psToc159. As has already been men-
tioned, the severe phenotype of the atToc159 knockout
mutant, ppi2, indicates that the protein is essential for
chloroplast development [65]. Expression of photosynthetic
genes was seriously down-regulated in ppi2, whereas non-
photosynthetic genes appeared to be expressed and imported
into chloroplasts normally. These data led to a hypothesis in
which atToc159 is the main import receptor for photo-
synthetic proteins that are expressed at very high levels,
and in which atToc132 and atToc120 are specific receptors
for non-photosynthetic precursor proteins that are expressed
at much lower levels and which might otherwise be out-
competed by more abundant, photosynthetic preproteins.
This hypothesis, however, requires experimental support.
4.2. Toc34
Toc34 belongs to the same unique class of GTP-binding
proteins as Toc159, since it shares significant homology
with Toc159 outside of the conserved GTP-binding site
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motifs [49]. Like Toc159, it is an integral membrane protein
and is attached to the outer envelope membrane by a C-
terminal membrane anchor [49,72]. Thermolysin treatment
of chloroplasts yields an 8-kDa membrane-protected frag-
ment of Toc34, and indicates that the protein has a single
transmembrane span close to its C-terminus [72,73]. The
majority of the protein, including the GTP-binding domain,
therefore projects out into the cytosol. Toc34 forms a stable
complex with Toc159 and other translocon components
[35,48], even in the absence of a bound precursor protein
[34,44,72,74].
The role played by Toc34 during import has been the
subject of much debate. The demonstration that GTP is
necessary only during the formation of the early import
intermediate seems to restrict any possible function of the
protein to the early stages of import [50]. Kouranov and
Schnell [47] demonstrated, in cross-linking experiments,
that Toc34 and preproteins are in close proximity during
energy-independent binding. Toc34-preprotein cross-linking
was only observed in the absence of ATP or GTP, indicating
that the close association of the proteins is transient and
does not persist during formation of the import intermediate.
These observations are consistent with a role for Toc34 in
preprotein recognition, perhaps as a receptor that interacts
with precursors transiently during energy-independent bind-
ing, either at the same time as or before Toc159. Indeed,
Sveshnikova et al. [75] have provided compelling evidence
in support of a role for Toc34 as a preprotein receptor
component. A highly regulated interaction between a solu-
ble Toc34 protein lacking the C-terminal membrane anchor
and preSSU was observed in vitro. In this assay, the
precursor interaction was regulated by GTP-binding (only
GTP-bound Toc34 could bind precursor protein), which was
in turn regulated by Toc34 phosphorylation (phosphorylated
Toc34 was unable to bind GTP) [75]. In vivo, Toc34 would
be expected to interact with a preprotein after having already
bound GTP, and then to undergo GTP hydrolysis or
exchange in order to transfer the preprotein to Toc159
and/or the protein-conducting apparatus. Toc34 can be
phosphorylated by a kinase present in the outer envelope
membrane, and so Toc34 phosphorylation may represent a
mechanism for regulating chloroplast protein import in vivo
[75]. Little is known about the regulatory mechanisms
governing chloroplast protein import, but import efficiency
has been observed to change during plant and leaf develop-
ment [76].
Two different Toc34 homologues exist in Arabidopsis
[64,66,77]. These proteins are referred to as atToc33 and
atToc34, and they share 61% and 64% amino acid sequence
identity with psToc34, respectively. AtToc33 is the most
abundantly expressed of the two proteins and is therefore
likely to be the true orthologue of psToc34, even though it is
slightly smaller and slightly less homologous with psToc34
than atToc34. An Arabidopsis mutant lacking atToc33
function called ppi1 has been identified and characterized
[66]. By demonstrating that ppi1 mutant chloroplasts import
proteins with reduced efficiency, Jarvis et al. [66] provided
the first in vivo evidence for the role for an envelope protein
in the chloroplast protein import mechanism. Compared
with the ppi2 mutant, ppi1 plants have a surprisingly weak
phenotype. They are yellow-green in appearance—espe-
cially during early developmental stages when atToc33 is
normally expressed at a high level—but are able to complete
their life cycle with the production of seed. This difference
in phenotype severity is perhaps related to the possibility
that atToc159 is involved in preprotein recognition and
conductance, whereas atToc33 is involved in preprotein
recognition only.
The significance of the existence in Arabidopsis of
multiple isoforms of Toc159 and Toc34 in terms of trans-
locon complex composition is not yet appreciated. Indeed,
at this point it is not yet known if multiple isoforms of these
proteins also exist in pea, although it would be surprising if
pea and Arabidopsis were found to be totally different in
this respect. The discovery of atToc33 and its functional
similarity with atToc34 led to the proposal that multiple,
different translocon complexes might exist in plastids [66].
In fact, given that the expression patterns of the different
Toc isoforms seem to overlap, and that the stoichiometry of
translocon complexes has yet to be established, two differ-
ent scenarios can be envisaged. In the first scenario, the
different isoforms of Toc34 or Toc159 would always be
separate from one another within different Toc complexes.
In the second scenario, the different isoforms would be able
to coexist within the same Toc complex. If the latter is the
case, it is tempting to speculate that a panel of five (or more;
see below) different receptor proteins might combine in
different permutations in order to generate a diverse array of
precursor protein recognition specificities [78].
4.3. Toc75
Consistent with its central role in the chloroplast protein
import mechanism, Toc75 is the single most abundant protein
of the chloroplast outer envelope membrane [79,80]. It is
in close proximity with preproteins during import [35,45],
and stably associates with Toc159, Toc34 and other trans-
locon components, even in the absence of precursor proteins
[34,44,48,72,74]. The majority of the protein is deeply
embedded within the outer envelope membrane, and topo-
logical studies predict a beta barrel structure comprising 16
transmembrane beta sheets [33,81]. The structural organiza-
tion of the protein suggests a channel-forming role, and
immediately led to the hypothesis that it is primarily involved
in protein conductance [35]. Evidence supporting the role of
Toc75 as a major constituent of the outer envelope trans-
location channel is now overwhelming, and its functional
characterization is therefore more advanced than any other
translocon protein.
The most compelling evidence that Toc75 is a channel-
forming molecule has come from electrophysiological stud-
ies of heterologously expressed protein reconstituted into
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liposomes [33]. Patch clamp analysis of the proteoliposomes
indicated that Toc75 forms a voltage-gated, cation-selective
channel with a unit conductance of 145 pS and a predicted
pore size of 8–9 A˚. A channel with very similar electro-
physiological properties could be detected in isolated outer
envelope membranes [33]. The channel size has recently
been recalculated and is now estimated to be between 20
and 25 A˚ (R. Wagner, J. Soll, unpublished results). A
translocon pore of this size would mean that preproteins
would have to be largely unfolded during import. Interest-
ingly, Clark and Theg [82] have demonstrated that a small,
tightly folded precursor protein can be imported efficiently
into chloroplasts, suggesting that the outer envelope trans-
location channel may be more complex in structure and
involve components in addition to Toc75. An obvious
candidate for such a Toc75 partner in the translocon pore
is Toc159, for the reasons discussed earlier. Gating of the
channel in vivo would presumably involve a structural
reorganization of the Toc75 protein in response to regulatory
translocon components such as Toc159 and Toc34 or the
arrival of the transit peptide, rather than voltage, and the
observed cation selectivity is entirely consistent with the net
positive charge of chloroplast transit peptides [33].
Data from cross-linking studies are also consistent with
the proposed role of Toc75 as a major constituent of the
outer envelope translocon channel [46,47]. The degree of
cross-linking between a precursor protein and Toc75
increased markedly during the later stages of import—being
maximal under conditions favouring the insertion of pre-
proteins across both envelope membranes—and was
observed to occur at sites within the mature region of the
precursor protein [47]. Interestingly, weak cross-linking
could also be observed during energy-independent binding,
suggesting a secondary role for Toc75 in preprotein recog-
nition [46,47]. This idea is supported by the demonstration
that liposome-reconstituted Toc75 channels can be partially
closed in response to the application of precursor protein
(preSSU) in vitro [33]. Channel closure was a specific
response to the precursor, since it could not be mediated
by the corresponding mature protein, and it was observed to
occur only when the precursor was applied to the surface of
Toc75 that normally faces the cytosol [33,81].
Three different Toc75 homologues exist in Arabidopsis
and—as is the case with Toc159 and Toc34—it appears that
one homologue is expressed at a much higher level than the
others [64]. In vivo studies of Toc75 function have not yet
been published, and so the reason for the existence of these
different atToc75 genes remains to be determined. One
possibility is that they are differentially regulated and so
represent the simplest means achieving the necessary pattern
of expression. An alternative explanation—analogous to
that put forward to account for the existence in Arabidopsis
of different Toc159 and Toc34 isoforms—is that the differ-
ent atToc75 proteins have different precursor recognition
specificities. Given that, in pea, Toc159, Toc34, and Toc75
appear to act together in a multisubunit preprotein receptor
complex (Fig. 1), the latter possibility is particularly attrac-
tive.
4.4. Toc64
Toc64 is the most recent addition to the list of Toc
complex components, and its characterization is therefore
rather less advanced [74]. It was identified by its stable
association with Toc159, Toc75 and Toc34 during sucrose
density gradient centrifugation. PreSSU arrested at the early
import intermediate stage could be co-immunoprecipitated
with Toc64 and the other Toc components, demonstrating
that Toc64 is a bona fide component of the chloroplast
protein import apparatus. Like the other Toc proteins, Toc64
is a prominent constituent of the chloroplast outer envelope
membrane. It is an integral membrane protein with a large
portion of its C-terminus exposed to the cytosol. The protein
shares homology with prokaryotic and eukaryotic amidases,
but is mutant at a conserved residue and appears to lack
amidase activity [74].
Of particular interest is the fact that the cytosolically
exposed C-terminal domain of Toc64 contains three tetra-
tricopeptide repeat (TPR) motifs. TPR motifs are generally
thought to mediate dynamic protein–protein interactions
[83], and have been found in various components of other
protein targeting systems. For example, the mitochondrial
protein import receptor proteins, Tom70, Tom37, Tom22
and Tom20, all contain TPR motifs [68,69], as does the
peroxisomal protein import receptor, Pex5 [84]. Tom70 has
seven TPR motifs and acts, together with Tom37, as an
import receptor for precursor proteins that associate with the
cytosolic chaperone, MSF. Precursors bound by the
Tom70–Tom37 receptor complex are transferred to a sec-
ond receptor complex comprising Tom22 and Tom20,
before entering the translocation channel. Other mitochon-
drial precursors—those that do not bind MSF—are bound
directly by the Tom22–Tom20 receptor complex [68,69].
MSF is a 14–3–3 protein complex [85], and may therefore
parallel the cytosolic guidance complex for chloroplast
protein import described earlier [17]. Preliminary data
indicate that the cytosolic guidance complex interacts spe-
cifically with Toc64 [74], implying that the protein func-
tions as yet another import receptor. By analogy with the
mitochondrial system, preproteins arriving at Toc64 as part
of a guidance complex might then pass to a receptor
complex comprising Toc159, Toc75 and Toc34 (Fig. 1);
other precursor proteins might bind the Toc159–Toc75–
Toc34 complex directly. An alternative possibility is that
preproteins unload from the guidance complex on arriving
at Toc64, and then partition into the lipid bilayer prior to
recognition by the other receptor proteins (Fig. 1). The
possible involvement of so many different receptor proteins
in chloroplast protein import (Toc159, Toc34, Toc75 and
Toc64) is not surprising when one considers that at least
four different receptor proteins function during mitochon-
drial protein import [68,69]. The extent to which the
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chloroplast preprotein recognition system parallels the mito-
chondrial system remains to be determined.
At least two genes encoding Toc64 homologues exist in
Arabidopsis, but the functional significance of these genes
has yet to be established [64].
5. Tic apparatus
The Toc components discussed above act in conjunction
with chaperones to mediate recognition of preproteins and
their insertion across the outer envelope membrane only.
Outer envelope translocation requires low concentrations of
ATP and GTP in the cytosol or intermembrane space, and is
mechanistically separable from inner envelope translocation
which requires relatively high concentrations of ATP in the
stroma [39,40,86]. This is because an entirely different set
of proteins—the Tic apparatus—is required for transloca-
tion across the inner envelope membrane. While the Toc
and Tic translocation reactions are separable in vitro, the
two complexes appear to coordinate their activities in vivo
[34,54,60].
Biochemical studies of isolated pea chloroplasts similar
to those used to dissect Toc complex composition have
resulted in the identification of several Tic complex com-
ponents. The Tic proteins that have been identified to date
are Tic110, Tic55, Tic40, Tic22 and Tic20, and each one
will be discussed below. Unfortunately, relatively little is
known about the roles played by these proteins during
import, and there is some disagreement in the literature
about the participation of certain components in the Tic
complex. One possible explanation for the discrepancies in
data coming from different laboratories is that there are
actually two or more different Tic complexes. The mito-
chondrial protein import field has provided a precedent for
such translocon complex plurality, since it is now clear that
there are two different Tim (translocase in the inner mito-
chondrial membrane) complexes [87]. The Tim23 complex
is the inner membrane translocase of the general import
pathway, importing proteins with typical N-terminal target-
ing sequences, whereas the Tim22 complex appears to
function exclusively in the targeting of integral inner mem-
brane proteins [87].
5.1. Tic110
Tic110 was the first Tic component to be identified
[35,62,88,89] and, unlike the other Tic proteins, appears
to be a universal or constitutive component of the inner
membrane translocation apparatus, having been identified in
complexes that also contain Tic55, Tic40 or Tic22 and
Tic20 [34,43,44,90,91]. The topology and orientation of
Tic110 has been the subject of some debate and remains
uncertain [88,89,92]. Tic110 is proposed to have a role in
recruiting chaperones to the stromal face of the Tic complex.
Tic110 co-immunoprecipitates with a stromal cpn60 (chap-
eronin, 60 kDa) homologue and the stromal hsp100 homo-
logue, ClpC [44,88]. ClpC seems to interact directly with
Tic110, whereas the association between cpn60 and Tic110
may require the presence of a precursor protein [34]. ClpC is
thought to play an important role in driving preprotein
translocation, perhaps in conjunction with stromal hsp70
proteins, whereas cpn60 is thought be responsible for
folding newly imported proteins. Such a chaperone-recruit-
ment role for Tic110 would be analogous with that played
by Tim44 in mitochondrial protein import. A large part of
Tim44 projects into the mitochondrial matrix in order to
recruit an hsp70 ‘molecular motor’ to the inner surface of
the Tim23 translocase [68,87]. Little else is known about the
role of Tic110, and it shares no significant amino acid
sequence homology with proteins of known function. There
is just a single Tic110 homologue present in Arabidopsis,
suggesting that the protein plays a rather general role in the
translocation of all proteins [64].
5.2. Tic55
Caliebe et al. [90] used blue native electrophoresis to
purify a Tic complex from isolated inner envelope mem-
branes. The complex was found to contain at least six
different proteins with apparent molecular masses of 110,
100, 60, 52, 45 and 36 kDa. The 110 and 100 kDa proteins
were identified as Tic110 and the hsp100 chaperone, ClpC,
respectively. The 45 and 36 kDa proteins may correspond to
Tic40 ([91]; see below) and a 36 kDa protein identified by
Schnell et al. [35], but this remains to be proven. The f 52
kDa protein was a prominent constituent of the isolated Tic
complex, and was therefore selected for further analysis. A
cDNA was cloned and found to encode a protein with a
predicted molecular mass of 55 kDa, later named Tic55.
Detailed topological studies of Tic55 have not been con-
ducted, but it is an integral membrane protein and is only
partially exposed to the intermembrane space. The protein
has two predicted membrane spanning domains at its C-
terminal end, and may therefore be largely exposed to the
stromal compartment. It can be detected in complexes
containing arrested preSSU and the main translocon com-
ponents—namely, Toc159, Toc75, Toc34 and Tic110—
demonstrating that it is a bona fide component of the import
apparatus.
Surprisingly, analysis of the Tic55 protein sequence
revealed a predicted Rieske-type iron–sulfur cluster and a
mononuclear iron-binding site [90]. Rieske iron–sulfur
proteins are usually involved in electron transfer chains;
the cytochrome b6f complex of the photosynthetic electron
transport system contains a Rieske protein, for example.
However, recent findings indicate that some proteins use
their iron–sulfur cluster prosthetic groups as biosensors in
order to link redox signals with changes in processes such as
gene expression or programmed cell death [93,94]. It seems
likely, therefore, that Tic55 plays a regulatory role during
import by responding to changes in redox status within the
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chloroplast. The possibility that chloroplast protein import is
regulated by redox signals is not surprising when one
considers that the expression of chloroplast genes—whether
they are encoded in the nucleus or in the chloroplast itself—
is subject to redox regulation at many different levels [95–
98]. Evidence that the Rieske iron–sulfur centre in Tic55 is
functionally significant comes from the observation that
preSSU import into chloroplasts treated with diethyl pyro-
carboate—a reagent that interferes with histidine residues in
the iron–sulfur cluster—is inhibited at the level of inner
envelope translocation. In vivo, Tic55 might function spe-
cifically in the import of photosynthetic proteins that are
critical for maintaining redox balance, which might account
for its absence from translocon complexes containing Tic20
and Tic22 ([34]; see below).
A single Tic55 homologue is encoded in the Arabidopsis
genome, but the role played by this protein in chloroplast
protein import has not yet been investigated [64].
5.3. Tic40
Tic40 (formerly named Com44/Cim44 and Toc36) was
first identified in Brassica napus as part of a cross-linked
complex containing an arrested precursor protein [62]. A
truncated Tic40 cDNA clone was isolated from Brassica
[99], which later enabled the identification of a full-length
cDNA clone from pea [91]. Early observations appeared to
indicate the existence of a family of immunologically
related Tic40 proteins distributed between the two envelope
membranes [62,99], but it is now clear that Tic40 is encoded
by a single gene and is located exclusively in the inner
envelope membrane [64,91]. Because the protein is largely
resistant to proteases applied exogenously to chloroplasts
and isolated envelope membranes [99] and is predicted to
have a single membrane-spanning region at its extreme N-
terminal end [91], it seems likely that a large part of the
protein is exposed on the stromal surface of the inner
envelope membrane. The evidence that Tic40 is a compo-
nent of the import apparatus is its association with precursor
proteins arrested during import [62] and the fact that it is
present in cross-linked complexes containing Tic110 [91].
The role played by Tic40 during chloroplast protein
import is not known, but it does share limited sequence
similarity with a protein called hsp70-interacting protein
(Hip) at its C-terminal end [91]. Hip is a mammalian co-
chaperone that regulates nucleotide exchange by hsp70
proteins [100,101]. Interestingly, an unrelated co-chaperone
called mitochondrial GrpE 1 (Mge1) regulates nucleotide
exchange by the hsp70 molecular motor during mitochon-
drial protein import [68,87,102]. By analogy, it is tempting
to speculate that Tic40 regulates the chaperones responsible
for driving chloroplast protein import. The close association
observed between Tic40 and Tic110 is certainly consistent
with such a hypothesis [91], but it should be noted that the
region of Hip that is similar to Tic40 is outside of the hsp70-
interaction domain [101]. Further experimentation will
therefore be required in order to elucidate the role played
by Tic40 in the import mechanism.
There is a single Tic40 homologous gene in Arabidopsis,
but the functional significance of this gene remains to be
investigated [64].
5.4. Tic22 and Tic20
Tic22 and Tic20 were identified, along with an unknown
14 kDa protein, by their close association with arrested
precursor proteins (preSSU and preferredoxin) in cross-
linking experiments [34,46,47]. Neither protein shares any
significant sequence similarity with other proteins of known
function, but structural features and topological studies of
the proteins have provided some clues about the roles they
might each play during chloroplast protein import. Tic22 is
a largely hydrophilic protein with no predicted transmem-
brane domains. It is peripherally associated with the outer
surface of the inner envelope membrane—as determined in
alkali extraction and protease sensitivity experiments—sug-
gesting that it might act as a receptor for precursor proteins
as they emerge from the Toc complex, or mediate the
association of Toc and Tic complexes at contact sites [34].
By contrast, Tic20 is predominantly hydrophobic and is
predicted to have three alpha-helical transmembrane
domains. It is largely resistant to alkali extraction and
exogenously applied protease, indicating that it is deeply
embedded within the inner envelope membrane [34]. These
data might indicate a role for Tic20 in protein conductance.
In support of their proposed roles in preprotein recognition
and conductance, respectively, Kouranov and Schnell [47]
provided evidence that precursor proteins interact with
Tic22 and Tic20 sequentially, in that order, during chlor-
oplast protein import. Interestingly, Tic22 and Tic20 can
associate with the major Toc proteins and Tic110 to form a
Toc–Tic supercomplex, even in the absence of precursor
proteins, but do not associate with one another or with
Tic110 in the absence of Toc components [34]. This con-
trasts with Tic55, which was isolated as part of a stable Tic
complex containing Tic110 in the absence of Toc proteins
[90]. These observations point towards the existence of two
different Tic complexes, and suggest that Tic complexes are
dynamic structures in which the presence of one component
can influence the association of others (Fig. 1).
Genes encoding two Tic22 homologues and at least two
Tic20 homologues are present in the Arabidopsis genome
[64]. Genetic studies of these genes will help to establish the
roles played by Tic22 and Tic20 in chloroplast protein
import.
5.5. PIRAC
A protein import related anion channel (PIRAC) was
discovered in electrophysiological studies of the chloroplast
envelope [103–105]. It is an anion channel activity that is
associated with the protein import apparatus, but the protein
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or proteins involved in forming the channel have not yet
been identified. The properties of the channel have been
investigated extensively using the patch clamp technique
and inside–out patches comprising both envelope mem-
branes in a sandwich-like structure. The channel has a unit
conductance of 50 pS and a predicted pore size of 6.5 A˚.
Like the liposome-reconstituted Toc75 channel discussed
earlier, PIRAC can be closed by the application of a
precursor protein (in this case, preferredoxin)—but not the
corresponding mature protein—to the outer or ‘cytosolic’
surface of the membrane patch [33,103]. Unlike the Toc75
channel, PIRAC only responds to precursor proteins in the
presence of ATP [103]. Concentrations of ATP that support
complete translocation in intact chloroplasts permit prepro-
tein-induced PIRAC closure, whereas concentrations that
support only early import intermediate formation do not
permit PIRAC closure. This implies that preproteins must be
inserted across the inner envelope membrane in order to
induce PIRAC closure. The application of antibodies against
Tic110 to the inner or ‘stromal’ surface of the membrane
patch also resulted in channel closure, implying that PIRAC
is composed of or influenced by Tic110, or proteins like
Tic20 that may be intimately associated with Tic110 [104].
In the future, similar electrophysiological experiments using
envelope membranes isolated from Arabidopsis mutants
lacking Tic proteins should help to determine the precise
composition of PIRAC and presumably, therefore, of the
protein-conducting channel of the inner envelope mem-
brane.
6. Stromal processing
Immediately upon arrival in the stroma, precursor pro-
teins are proteolytically processed in order to removed their
transit peptides [55,56,106,107]. Newly imported proteins
are then folded into an active conformation, either directly,
in the case of the stromal proteins, or after further internal
sorting, in the case of thylakoid and envelope proteins
[57,58]. The internal protein sorting mechanisms of chlor-
oplasts are reviewed in Mori and Cline [121], and in
Eichacker and Henry [124], both in this issue, and will
not be discussed further here. Transit peptide removal is
catalysed by an enzyme called the stromal processing
peptidase (SPP). The enzyme was purified from pea chlor-
oplast extracts using preLHCP as an affinity ligand [108]. It
has a signature zinc-binding motif (His-X-X-Glu-His),
which places it in a family of metalloendopeptidases that
also includes Escherichia coli protease III, human and
Drosophila insulin-degrading enzymes, and subunit h of
the mitochondrial processing peptidase (MPP) [107]. Het-
erologously expressed SPP was found to specifically proc-
ess several different precursor proteins in vitro, which led to
the conclusion that the protein acts independently of other
chloroplast proteins in the processing reaction, and that it is
most likely a general component of the import apparatus
that acts on all precursor proteins [56]. In support of the
latter conclusion, just a single SPP gene was identified in the
Arabidopsis genome [64]. SPP is an endopeptidase, and so
initially releases the transit peptide intact upon precursor
processing [56]. While the protein acts alone during transit
peptide cleavage, it appears that a second, ATP- and metal-
dependent protease degrades detached transit peptides in
order to prevent their accumulation in the stroma [106]. The
importance of SPP in the chloroplast protein import mech-
anism, and for chloroplast biogenesis in general, was
demonstrated by Wan et al. [109]. Tobacco plants in which
SPP expression was down-regulated using an antisense
transgene were stunted and had chlorotic leaves with abnor-
mal chloroplasts. Protein import into chloroplasts isolated
from these transgenic plants occurred with reduced effi-
ciency, indicating that stromal processing is an essential
requirement for efficient chloroplast protein import [109].
7. Multiple import pathways?
The transit peptides of different chloroplast precursor
proteins are functionally interchangeable, and it has been
observed that different precursor proteins can effectively
compete with one another for import into chloroplasts [52].
These observations led to the assumptions that most, if not
all, preproteins use a common Toc/Tic translocon, and gave
rise to the concept of the ‘general import pathway.’ The
recent discovery in Arabidopsis of multiple isoforms of
many Toc/Tic proteins, including Toc159 and Toc34 [64–
66], and the conflicting data over the composition of the Tic
complex [34,90], indicate that this view is an oversimplifi-
cation. Different translocon protein isoforms may associate
with one another in different combinations in order to
produce subtly different translocon complexes in different
tissues or with different precursor protein specificities.
However, certain important components of the import
apparatus, like Tic110 and SPP, are indeed invariant
[34,56,64,90], and it has been shown that functional differ-
ences between the different isoforms of at least one trans-
locon component (Toc34) are only slight [66]. It therefore
seems likely that all chloroplast precursor proteins follow
mechanistically very similar import pathways, and that any
differences in import are restricted to precursor protein
recognition specificity or downstream events involving the
Tic apparatus.
On the other hand, a completely different import pathway
was proposed for the precursor of protochlorophyllide
oxidoreductase, isoform A (PORA) by Reinbothe et al.
[110–113]. PORA is predominantly present in dark-grown
angiosperm plants and promotes the light-dependent con-
version of protochlorophyllide to chlorophyllide [114]. In
the light, the PORB and PORC isoforms predominate, while
the amount of PORA is very much reduced [115 116]. It
was proposed that prePORA imports into chloroplasts only
in the presence of its substrate, protochlorophyllide, while
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prePORB imports independently of protochlorophyllide
[110]. The results suggested that the substrate-dependent,
regulatory element was localized within the transit peptide
of prePORA [112]. A novel PORA import pathway was
proposed since an excess of preSSU did not interfere with
prePORA import in competition experiments [113]. How-
ever, others have recently shown that prePORA import is
not substrate-dependent [117,118], and that prePORA uti-
lizes the same import pathway as preSSU, as judged in
competition experiments [117]. It was additionally shown
that prePORA can be cross-linked to pea Toc75 while in
transit across the envelope membranes [117]. The present
evidence therefore suggests that prePORA import uses
components of the Toc/Tic translocon and occurs independ-
ently of the PORA substrate, protochlorophyllide.
The basis for these conflicting results is not entirely clear,
but a few experimental differences might be responsible.
Firstly, the translation conditions used by Reinbothe et al.
[110–113] yielded an aggregated protein that had to be
denatured in 8 M urea and then diluted into the import assay.
In contrast, Aronsson et al. [117] and Dahlin et al. [118]
used a soluble translation product that was import-compe-
tent without further manipulation. Chloroplasts were iso-
lated using sucrose as the osmoticum [113] and not sorbitol
as is most common [119]. Sucrose puts a higher osmotic
stress on isolated organelles than sorbitol, and might there-
fore result in the disruption or disengagement of joint Toc/
Tic translocation sites. In order to induced protochlorophyl-
lide accumulation in isolated plastids, prolonged incubations
in the presence of 5-aminolevulinic acid were conducted
[113]. Such incubations would be predicted to have an
adverse effect on the import apparatus, since it has been
shown that Toc159 is extremely sensitive to proteolysis in
isolated plastids [51,67], and Toc34 is also prone to proteo-
lytic degradation [65,67]. Under the special experimental
conditions used by Reinbothe et al. [110–113], protochlor-
ophyllide might have stimulated prePORA import non-
specifically by stabilizing an import competent state of the
precursor.
8. Evolutionary origins of the import machinery
Chloroplasts are endosymbiotic organelles and were
therefore once free-living photosynthetic prokaryotes. It is
assumed that cyanobacteria are the closest living relatives of
the ancestral photosynthetic endosymbiont, since they share
many morphological and molecular characteristics with
modern-day plastids. Structurally, cyanobacteria resemble
Gram-negative bacteria since they are enclosed by a plasma
membrane, a peptidoglycan layer, and an outer membrane.
This membranous assembly is reminiscent of the chloroplast
envelope, which also comprises two different membranes.
Several well-characterized protein transport systems exist in
the bacterial plasma membrane and are responsible protein
secretion. These systems are complemented by others in the
outer membrane—for example, in the synthesis and assem-
bly of pili proteins, or in the export of toxic polypeptides
such as haemolysin. However, nothing is known about
protein uptake systems in cyanobacteria. When considering
the evolutionary origin of the chloroplast protein import
apparatus, an obvious question was: can we detect any
homologues of known Toc and Tic subunits in Synechocystis
PCC6803 [120] whose genome has been fully sequenced?
The answer is yes, since Toc75 has a clear Synechocystis
homologue called SynToc75 [5–8].
SynToc75 shares f 22% amino acid sequence identity
with pea Toc75, and is localized in the outer cyanobacterial
membrane, paralleling the localization of plastidic Toc75 in
the outer envelope membrane [5,6]. Reconstituted cyano-
bacterial protein forms an aqueous ion channel in vitro with
properties similar to Toc75 [5]. Like Toc75, SynToc75 is
predicted to form a h-barrel structure. Further homologues
of Toc75 and SynToc75 can be found in bacteria, and these
are thought to act as haemolysin exporters [5,6]. It therefore
seems that the role of Toc75 as a protein-conducting channel
has been maintained during the course of chloroplast evo-
lution, although the direction of transport appears to have
been reversed. The directionality of translocation is prob-
ably determined by associated translocon subunits, such as
chaperones and receptor proteins (see earlier).
Cyanobacterial relatives of Tic55, Tic22 and Tic20 have
also been detected, but the roles played by these proteins in
Synechocystis have not yet been determined [7,8]. Many
other Toc/Tic proteins have no clear cyanobacterial homo-
logues, and so it would appear that the chloroplast protein
import machinery has a chimaeric origin. Pre-existing
prokaryotic proteins and novel eukaryotic components were
brought together during the evolution of chloroplasts to
create a functionally unique translocation apparatus.
9. Concluding remarks
Remarkable progress has been made over the last decade
towards a detailed understanding of the chloroplast protein
import mechanism. Biochemical studies of isolated pea
chloroplasts have resulted in the identification of many
components of the Toc and Tic complexes. While these
Toc/Tic proteins do not share amino acid sequence homol-
ogy with components of the functionally similar mitochon-
drial protein import apparatus, an increasing number of
similarities between the two organellar import systems are
now emerging. The chloroplast and mitochondrial protein
import mechanism both employ cytosolic guidance systems
involving 14–3–3 proteins, multiple surface-exposed
receptor proteins, numerous molecular chaperones that keep
precursors unfolded and drive translocation, and metalloe-
dopeptidases for targeting sequence removal. Confirmation
that more than one translocon complex exists in the inner
envelope membrane of chloroplasts would provide an addi-
tional, remarkable parallel between the two import systems.
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Another interesting development has been the recent
emergence of Arabidopsis as an alternative model system
for studying chloroplast protein import. This change was
precipitated by the completion of the Arabidopsis genome
sequencing project and the demonstration that molecular–
genetic approaches can be used effectively to study protein
import in vivo. Of particular interest was the discovery that
many of the Toc/Tic proteins identified in pea are encoded
by multiple genes in Arabidopsis. Assuming that Arabidop-
sis is not unusual in this respect, it seems that the traditional
view of chloroplast protein import as an invariant ‘general
import pathway’ that accepts all preproteins with equal
efficiency may need to be revised. Understanding the
significance of these multiple Toc/Tic isoforms is therefore
an immediate priority. We anticipate that the further appli-
cation of pea chloroplast biochemistry, Arabidopsis molec-
ular genetics, and in vitro reconstitution techniques will help
to address this problem and others as we seek to enhance
our understanding of the import mechanism in the future.
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